Abstract. We apply a cloud slicing technique (CST), originally developed for Total Ozone Mapping Spectrometer (TOMS) ozone observations, to CO vertical column densities retrieved from the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY). CST makes use of the shielding effect of clouds and combines trace gas column measurements of cloudy pixels with different cloud heights to retrieve fractional columns aloft. Here we determine seasonal mean tropospheric CO profiles at a vertical resolution of about 1 km, which is much finer than what can be obtained from thermal infrared (IR) instruments. However, since both the atmospheric CO profiles and the effective cloud heights depend systematically on meteorology, and in addition part of the retrieved signal originates from the clear part of the satellite ground pixel, the profiles retrieved from the CST have to be interpreted with care. We compare the seasonal mean SCIAMACHY CO profiles with the output from two atmospheric models sampled in the same way as the satellite observations. We find in general good agreement of the spatial patterns, but systematic differences in the absolute values are observed in both hemispheres (more strongly in the Northern Hemisphere), indicating that the source strengths in the emission inventories are probably underestimated.
Introduction
Carbon monoxide (CO) is emitted into the atmosphere by natural and anthropogenic processes. It is toxic in high concentrations and is an important precursor of tropospheric ozone (e.g. Crutzen and Gidel, 1983) . The atmospheric lifetime of CO is typically weeks to months (Cicerone, 1988) , thus it is an ideal tracer for atmospheric transport processes (Logan et al., 1981; Lelieveld et al., 2001; Shindell et al., 2006) .
It has been shown in several studies, including satellite observations (e.g. Gloudemans et al., 2006 Gloudemans et al., , 2009 de Laat et al., , 2007 de Laat et al., , 2010 Kopacz et al., 2010; Liu et al., 2011) , that current CO emission inventories tend to underestimate source strengths, especially in regions with strong anthropogenic pollution. These findings are confirmed in this study. Beyond this, here we derive CO concentration profiles, from which information on atmospheric transport patterns can be derived.
We analyse observations of SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIA-MACHY) on board the ENVISAT satellite (Burrows et al., 1995; Bovensmann et al., 1999) . Our retrieval of the total atmospheric CO vertical column density (VCD) and its validation is described in detail in Liu et al. (2011) . Following up on the work of Liu et al. (2011) , here we focus on cloud covered pixels with cloud radiance fractions (CRFs) > 30 %. The CRF is the fraction of photons received from the cloudy part of the ground pixel compared to the total received radiance (e.g. Veefkind et al., 2006; Joiner et al., 2009) ; the details of our retrieval are described in Sect. 2. Using mainly cloud-covered observations allows us to apply the so-called cloud slicing technique (CST) (Ziemke et al., 1998 (Ziemke et al., , 2001 (Ziemke et al., , 2009 Ziemke and Chandra, 1999) , based on the assumption that clouds shield absorption by the atmosphere below the cloud top.
Information on effective cloud height and cloud fraction for individual SCIAMACHY CO observations is taken from the FRESCO + algorithm (Fast REtrieval Scheme for Cloud from the Oxygen A band, see Koelemeijer et al., 2001; Wang et al., 2008) derived from the same SCIAMACHY observations (for more details, see Sect. 2.1).
Because of the relatively large uncertainties of the individual SCIAMACHY CO measurements (typically several tens of percent, Frankenberg et al., 2005b; de Laat et al., 2006; Liu et al., 2011) and the relatively low sampling frequency (global coverage after 6 days), the CST can not be applied to individual observations. Instead, averages over rather long periods have to be calculated to achieve meaningful height profiles. In this study seasonal averages over three years (2003) (2004) (2005) are presented. Our CO profiles have a relatively fine vertical resolution of 1 km, much higher than can be obtained from satellite observations in the thermal IR (see e.g. Drummond and Mand, 1996; Deeter et al., 2003; Rinsland et al., 2006; George et al., 2009; Worden et al., 2010 Worden et al., , 2013a McMillan et al., 2011) . It should, however, be noted that especially over land where the surface albedo can reach rather high values (see Sect. 2), a substantial fraction of the measured CO absorption can originate from the clear part of the ground pixel. In such cases, the vertical resolution of the retrieved profiles is systematically degraded. It should also be noted that the retrieved profiles do not represent actual atmospheric profiles, but complex composites, which combine measurements made under different meteorological conditions. Thus their direct interpretation is difficult and a detailed quantitative interpretation is only possible by comparison with atmospheric models, from which the output is processed according to the same principle. In this study seasonal means of the SCIAMACHY CO profiles are compared to two models: MATCH (Model of Atmospheric Transport and Chemistry, von and EMAC (ECHAM5/MESSy Atmospheric Chemistry modelling system, Jöckel et al., 2006) . The seasonal means are based on model data sampled at the exact locations and times of the individual SCIAMACHY observations. The paper is organised as follows: in Sect. 2, we introduce the satellite retrieval and the CST. In Sect. 3 we present and discuss selected comparison results between satellite observations and models. Section 4 provides our summary and conclusions.
Retrieval of atmospheric CO profile information from SCIAMACHY
In this section we give a brief description of the original CO retrieval and its modifications used in this study: in the first step, the atmospheric CO VCD is retrieved using the Iterative maximum a posteriori (IMAP)-DOAS method (Frankenberg et al., 2005a, b) . In a second step, the CO VCDs are normalised using MOPITT observations over the ocean as described in Liu et al. (2011) . The third step differs depending on whether the total CO VCD or CO profiles are retrieved. For the determination of the total CO VCD (Liu et al., 2011) , observations for mostly clear sky (effective cloud fraction < 20 %) are selected and a cloud correction is applied taking into account effective cloud fraction and cloud height. The total CO VCDs for mainly clear-sky observations were validated using ground-based observations, and good agreement (average bias of −12 %, standard deviation of 23 %) was found. It was shown in Liu et al. (2011) that the agreement between SCIAMACHY and the ground-based stations improved in each of the retrievals steps described above.
In this study, we use observations for (partly) cloudy conditions (CRF > 30 %). In contrast to Liu et al. (2011) , no cloud correction is applied. We combine the CO columns with effective cloud fraction and effective cloud height from the FRESCO + algorithm (Koelemeijer et al., 2001; , see also Sect. 2.1).
In the near-infrared fitting range for CO (2324 nm to 2335 nm), the wavelength is sufficiently long that Rayleigh scattering can be neglected. Therefore, the photons that the satellite detects are either scattered by clouds and aerosols or reflected at the earth's surface. Within the spectral range, the CO analysis clouds are not as bright as in the visible spectral range (see e.g. Nakajima and King, 1990) , but still brighter than the surface for most of the globe. Thus for most observations the signal from the clouded part contributes the majority of the signal of the measured spectra, which contains information from the atmosphere above the cloud. The dependence of CRF as a function of the effective cloud fraction is shown in Fig. 1 for different values of the surface albedo. In our study we use surface albedo values measured by the MODIS instrument (Justice et al., 1998 ), see Fig. 2 . We consider observations with CRF > 30 % in order to increase the number of useful SCIAMACHY observations.
Since for satellite observations with small CRF a significant part of the information originates from the clear part of the satellite ground pixel (which "sees" the total CO column), the retrieved CO column is systematically larger than the CO column above the cloud. This effect has to be taken into account if the retrieved CO profiles are compared to other data sets like results from atmospheric models (see Sect. 3). Effective cloud fraction Cloud radiance fraction Albedo 3% Albedo 10% Albedo 20% Albedo 30% Albedo 40% Fig. 1 Dependence of the CRF on the effective cloud fraction for different values of the surface albedo (see also Fig. 2 ). The black dotted line indicates a CRF of 30%, which is used as threshold value for the CO measurements from SCIAMACHY in this study. We apply the CST in the following way: in a first step, the observed CO VCDs are averaged for selected (intervals of) effective cloud heights. Here it should be noted that the effective cloud height from the FRESCO + algorithm systematically underestimates the geometric cloud top height (see Sect. 2.1). Thus here we use the term "effective cloud height". In this study we use intervals of 1 km from the surface to 9 km:
Here z m and z m+1 are the lower and upper boundary of a selected height interval and z m * is the average cloud height of all observations with cloud heights within that interval. In this study z m * is typically within z m + 0.4 km and z m + 0.6 km. N is the number of all observations used in Eq.
(1). PVCD represents the average partial CO VCD above the respective average effective cloud heights. Global maps of seasonally averaged PVCDs for different cloud heights are presented in Fig. 3 . Note that in addition to the clear-sky total CO VCD (Liu et al., 2011) , the CO PVCDs retrieved for cloudy satellite pixels also cover the oceans. Especially for low cloud heights, strong spatial gradients are found with the highest values over regions with strong CO emission sources. Also a strong inter-hemispheric gradient is found. Note that gaps are present especially over deserts because we removed all observations over surfaces with an albedo > 40 %. Over highly reflective surfaces cloud algorithms are known to have increased uncertainties. In the maps for low cloud heights gaps are also found over regions with high mountains.
With increasing cloud height, less measurements are available leading to larger scatter or even gaps in the maps of the CO PVCDs. But, as expected the CO PVCDs systematically decrease with altitude. In contrast to the systematic dependence of the CO PVCD on cloud height, the CO PVCDs are almost independent of the selected CRF threshold (see Fig. 4) .
From successive pairs of CO PVCDs it is in principle possible to derive the average CO concentration in the layer between both cloud top altitudes:
with z m ** the average of z m * and z m+1 *. However, in contrast to the original application of the CST, here we do not determine and discuss such average CO concentration profiles, but focus on profiles of CO PVCDs for three reasons:
a. Despite the fact that large amounts of individual observations are averaged, in some cases the PVCDs are not a smooth function of altitude. This is either caused by "atmospheric noise", or random errors of the measurements. In such cases, concentration profiles as derived from Eq. (2) would show unrealistic oscillations.
b. Since most of the CO sources are located close to the surface, and the sinks are distributed over a large range of the atmosphere, CO concentrations (and also PVCDs) are expected to decrease systematically with altitude. Such behaviour is indeed found for most cases. Nevertheless, in some regions, especially in cases of effective convection over strong emission sources, increasing CO PVCDs are found at high altitudes. This is probably caused by the fact that CO PVCDs from CST for different cloud tops do not represent "average meteorological conditions" and thus not average CO profiles. For such observations, the application of Eq. (2) would lead to negative CO concentrations.
c. Systematic offsets of the CO PVCDs cancel out when applying Eq. (2). Thus information about the absolute values of the CO PVCDs would be lost. The comparison of the model results with satellite and ground-based observations indicates systematic biases for most parts of the globe.
We calculated seasonal averages using measurements over 3 yr (2003) (2004) (2005) The good agreement of CO PVCDs for different lower thresholds for CRF (Fig. 4) indicates that the exact choice of the threshold is not critical.
Finally, it should again be emphasised that although large numbers of observations were averaged, the atmospheric profiles retrieved by the CST are not per se representative of the actual average atmospheric profiles, since cloud type (and cloud altitude) are systematically correlated to meteorology and atmospheric transport patterns (e.g. convective updraft) and chemistry. Also, the retrieved CO PVCDs systematically overestimate the actual CO PVCD above the cloud because the CO absorption of the clear part of the satellite pixel substantially contributes to the retrieved CO PVCD. Furthermore, it should again be emphasised that all CO profiles shown in this study are expressed as PVCDs and not as concentrations or mixing ratios. The retrieved profile information has thus to be interpreted with care. A meaningful quantitative interpretation is only possible by comparison with atmospheric model simulations sampled in the same way as the satellite observations, and taking into account the contributions both from the clear and cloudy part of the satellite pixels, see Sect. 3.
It should also be noted that the CO PVCDs might be affected by spectral interference with the much stronger absorptions of H 2 O and CH 4 . Therefore, since the absorptions of H 2 O and CH 4 systematically depend on cloud altitude, the CO PVCDs might be subject to a systematic bias varying with cloud altitude. Nevertheless, such potential spectral interference can not explain the observed spatial patterns of the CO PVCDs over strong emission sources (see Sects. 3.3 and 3.4).
Interpretation of the effective cloud height
The FRESCO + algorithm used for the determination of the effective cloud height describes clouds as so called Lambertian reflectors (with an assumed albedo of 80 %) (Koelemeijer et al., 2001 ). Nevertheless, a significant fraction of the solar photons detected by the satellite instrument may have penetrated into the cloud. Thus they may have encountered stronger O 2 absorption than assumed by the Lambertian cloud model and the effective cloud height retrieved by the FRESCO + algorithm would systematically underestimate the true (geometric) cloud top height: on average the FRESCO + cloud height rather represents the middle of the cloud layer than the cloud top Sneep et al., 2008) . Also at the wavelength used for the CO analysis (2330 nm), a fraction of the detected solar photons has penetrated into the cloud leading to systematically higher CO PVCDs than that for the geometric cloud top height. Compared to the FRESCO + algorithm (at 760 nm), the effect is, however, slightly smaller than for the spectral range used for the CO analysis (2330 nm), because of the stronger absorption by the cloud droplets (Platnick et al., 2001) . Both effects (underestimation of the cloud top height and overestimation of the CO PVCDs) complicate the quantitative comparison between satellite observations and model results, and without detailed information on cloud properties and CO concentration profiles it is not possible to correct the associated uncertainties for individual observations.
We investigated the differences of the cloud influence in both spectral ranges in more detail by calculating an effective cloud height from the CH 4 absorption retrieved in the same fitting window as for the CO analysis (see also Gloudemans small and can be neglected. The slightly smaller slope over land is probably caused by the larger contribution from the clear part of the satellite ground pixels because of the generally higher surface albedo over land. However, because of the selection of measurements with effective cloud fractions > 80 %, the influence from the clear part is rather small. From this finding we conclude that both effects (underestimation of the cloud top height and overestimation of the CO PVCDs) only play a minor role for our study, because in general the (relative) atmospheric CO concentration profile decreases with altitude, following similar lapse rates as the oxygen concentration. Thus the underestimation of the cloud top height and the overestimation of the CO PVCDs to a large extent compensate. In other words, the retrieved (too low) cloud height fits well to the retrieved (too high) CO PVCD.
Comparison to ground-based observations
Compared to cloud slicing results for O 3 (see e.g. ) validation of our SCIAMACHY CO profiles is a more challenging task. One major problem of SCIAMACHY CO measurements is that the uncertainties for individual observations are rather large (Frankenberg et al., 2005b; de Laat et al., 2006; Liu et al., 2011) , and the sampling frequency is low (global coverage after 6 days). The large uncertainties prevent the meaningful application of individual observations; instead many observations have to be averaged to achieve good signal-to-noise ratios (here we use seasonal averages). Another fundamental problem is that the CO PVCDs for selected effective cloud heights do not represent "average meteorological conditions" and thus not the average CO profile (a comparison of model profiles sampled according to the SCIAMACHY cloud information with the average model profiles is shown in Fig. 9 ). Thus independent profile information for exactly the selected cloud heights and the corresponding atmospheric conditions would be needed for the validation of CO PVCDs. Such information is not available. Because of these difficulties, no quantitative validation of the SCIAMACHY CO PVCDs for different effective cloud heights is possible.
Instead we compared time series of seasonal averages of the CO PVCDs with total CO VCDs for selected groundbased measurements from the NDACC & TCCON networks (Wunch et al., 2011) for the years [2003] [2004] [2005] (Fig. 6 ). Besides the CO PVCDs for the lowest cloud interval (effective cloud heights < 1 km), we also included CO PVCDs for effective cloud heights between 3 km and 4 km. In addition to the SCIAMACHY CO PVCDs, we also included the coincidently sampled model data in the comparison. For the CO PVCDs > 0.5 km in general very good agreement between the SCIAMACHY data and the ground-based stations is found, not only for the absolute values but also for the seasonal variation. In contrast to the Northern Hemisphere, in the Southern Hemisphere the SCIAMACHY data slightly overestimate the ground-based measurements.
Furthermore, the modelled concentrations are systematically lower than the ground-based stations, but much smaller differences are found in the Southern Hemisphere. Also in the model data the seasonal variation is well captured.
For clouds between 3 km and 4 km, no quantitative comparison of the CO PVCDs with the total CO VCDs from the ground-based data is possible (because no information about the CO profile shape is available for the selected stations), but as expected the absolute values are systematically smaller than for the low clouds. Interestingly, the seasonal cycle is still present in the CO PVCDs > 3.5 km.
In Fig. 7 results of a linear regression for the seasonal averages of the CO PVCDs (clouds below 1 km) at all stations versus the total CO VCD from ground-based station is shown. Good correlation (r 2 > 0.80) is found between the SCIAMACHY and model data, but the slopes are systematically smaller than unity. Here it is interesting to note that the ratio of the averages (RA) and the averages of the ratios (AR) between all data pairs of the considered data sets are much closer to unity (for the SCIAMACHY data it is almost unity). These findings indicate that the amplitude of the seasonal cycle is probably underestimated by the SCHIAMACHY observations and the model results.
From the comparison with the ground-based observations (Fig. 7) , we conclude that the CO PVCDs for effective cloud heights < 1 km have a systematic bias of −3 % and a standard deviation of 12 %. While the interpretation of the bias is complicated because of the cloud shielding of the lowest part of the atmosphere, the standard deviation can be regarded as representative for the CO PVCDs. Unfortunately, the accuracy of the CO PVCDs for higher cloud altitudes can not be quantified from this validation exercise (and also not from other independent data sets, see above). The uncertainties for such observations are caused by uncertainties in the effective cloud heights (see Fig. 5 ) and the errors of the CRF (Fig. 1) . We estimate these uncertainties by assuming an average CO profile and average measurement conditions with CRF of 30 % and 60 %, respectively (see Table 1 ). The uncertainties increase with height, but are smaller than the general uncertainties (bias plus scatter) of the CO retrieval as derived from the comparison of the SCIAMACHY CO PVCDs with the ground-based observations.
Comparison to atmospheric models
In this section, we compare CO profiles from SCIAMACHY observations with the results of two atmospheric models (MATCH-MPIC and EMAC). One important aspect of the comparison is that only coincident data are compared: model outputs are sampled at the times and locations of the SCIA-MACHY observations taking into account the contributions from the clear an cloudy part of the satellite pixels (according to the CRF, see Sect. 1). Cloud information (CRF and effective cloud height) is taken from the FRESCO + algorithm. We used measured cloud data, because of the rather coarse resolution of the model data. However, since the cloud information is only taken from the SCIAMACHY measurements and not from the models, situations of different meteorological conditions might be compared, potentially introducing systematic biases between the satellite and model data. Fortunately, as shown in the discussion version of our manuscript (Liu et al., 2013) , the sampling of the model data according to the measured cloud information from the FRESCO + algorithm has only negligible influence on the retrieved CO profiles.
Different from the discussion version of our manuscript (Liu et al., 2013) Fig. 7 Correlation analysis of seasonal averages of the CO PVCDs > 0.5km versus total CO VCDs from ground based FTIR stations. Besides SCIAMACHY measurements also the coincident results from both atmospheric models are shown. In addition to the results of the linear regression, also the ratio of the averages (RA) and the average of all ratios (AR) for all data pairs of the considered data sets are shown. Fig. 7 . Correlation analysis of seasonal averages of the CO PVCDs > 0.5 km vs. total CO VCDs from ground-based FTIR stations. Apart from the SCIAMACHY measurements, the coincident results from both atmospheric models are also shown. In addition to the results of the linear regression, the ratio of the averages (RA) and the average of all ratios (AR) for all data pairs of the considered data sets are also shown.
into account also the contribution from the clear part of the satellite pixels: the average of the total CO VCD and the CO PVCD above the cloud are calculated by weighting the respective contributions according to the CRF and (1 -CRF) of the measurement. It should be noted that no averaging kernel is considered for the clear part of the ground pixel, because the shielding effect of clouds dominates the vertical dependence of the measurement sensitivity. It should be noted that for different values of the surface albedo (see Figs. 1 and 2) , a CRF corresponds to quite different effective cloud fractions. While over ocean and parts of the continents (e.g. the Amazon region) the surface albedo is only a few percent, in other regions over land, much higher values are found. In Fig. 1 the dependence of the CRF on the effective cloud fraction for different values of the surface albedo is shown.
We compare the derived SCIAMACHY CO profiles to two atmospheric models, which are described in detail in the next sub-sections. Both models are using the same input emissions (for details see below). However, a major difference between the two models is that MATCH-MPIC is a chemistry transport model (CTM), driven by NCEP data, while EMAC is an atmospheric chemistry general circulation model (AC-GCM), which for the simulation analysed here was nudged towards ECMWF operational analysis data.
MATCH-MPIC

MATCH-MPIC (Model of Atmospheric Transport and CHemistry -Max Planck Institute for Chemistry version)
is a global, three-dimensional chemical transport model representing tropospheric O 3 , CH 4 , NO x , and VOC chemistry. MATCH-MPIC has been described and evaluated in detail (Rasch et al., 1997; Lawrence et al., 1999 Lawrence et al., , 2003 von Kuhlmann et al., 2003) . MATCH-MPIC is run in a semioffline mode, relying only on a limited set of input fields (surface pressure, geopotential, temperature, horizontal winds, surface latent and sensible heat fluxes, and zonal and meridional wind stresses). These fields are obtained from the NCEP GFS (National Centers for Environmental Prediction Global Forecast System (Kalnay et al., 1990 ) and interpolated to the model resolution of T42L42, corresponding to a horizontal resolution of approximately 2.8 by 2.8 • , with 42 hybrid pressure-sigma levels in the vertical. Fields are interpolated in time to the model time step of 30 min, and used to diagnose online the transport by advection, vertical diffusion and deep convection, as well as the tropospheric hydrological cycle (water vapour transport, cloud condensate formation and precipitation). The model uses a combination of two convection parameterisations which focus on deep and shallow mixing (Zhang and McFarlane, 1995; Hack, 1994) . Anthropogenic emissions are from the Emissions Database for Atmospheric Research (EDGAR) fast track 2000 emissions, which are based on the EDGAR 3.2 emissions inventory (Olivier and Berdowski, 2001 ). Biomass burning emission data are based on the Global Fire Emissions Database (GFED v2), .
EMAC
The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry and climate simulation system that includes sub-models describing tropospheric and middle atmosphere processes and their interaction with oceans, land and human influences (Jöckel et al., 2010) . It uses the Modular Earth Sub-model System (MESSy, version 2.3; Jöckel et al., 2005) to link multi-institutional computer codes. The core atmospheric model is the 5th generation European Centre Hamburg general circulation model (ECHAM version 5.3.02, Röckner et al., 2006) . For the present study we applied EMAC in the T42L90MA-resolution, that is, with a spherical truncation of T42 (corresponding to a quadratic Gaussian grid of approx. 2.8 • by 2.8 • in latitude and longitude) with 90 vertical hybrid pressure levels up to 0.01 hPa (middle atmosphere). As in MATCH-MPIC, in the EMAC set-up the biomass burning emissions are taken from the Global Fire Emission Database (GFED v2) , and the anthropogenic emissions from the EDGAR3.2FT2000 (Pozzer et al., 2009; Tost et al., 2010) .
Model output for analysis was triggered every 5 h of simulation time. For EMAC, the prognostic variables vorticity, divergence, temperature and the (logarithm of the) surface pressure have been nudged to the operational ECMWF analysis data in order to allow a point-to-point comparison to the satellite data (see Jöckel et al., 2010) . Primary emissions and dry deposition of trace gases and aerosols were calculated with the sub-models ONLEM, OFFLEM, TNUDGE (Kerkweg et al., 2006a) , and DRYDEP (Kerkweg et al, 2006b ), respectively. EMAC parameterise convection following Tiedtke (1989) and Nordeng (1994) for both deep and shallow convection. More details on the overall model set-up (including emissions) are presented by Jöckel et al. (2006 Jöckel et al. ( , 2010 and Pozzer et al. (2007) .
CO results from the EMAC model have been extensively compared to aircraft measurements and especially over the Northern Hemisphere often lower CO concentrations compared to the in situ measurements were found (see Supplement in Jöckel et al. (2010) , http://www.geosci-model-dev. net/3/717/2010/gmd-3-717-2010-supplement.zip.).
Comparison of height profiles for selected regions
In this section we quantitatively compare the measured CO profiles (PVCDs) for different regions (see Fig. 8 ). The selected regions either represent clean oceanic regions remote from strong emission sources or areas with strong CO emissions caused, for example, by biomass burning or anthropogenic activities related to industry, traffic and energy use. In addition, we also consider observations over the continents, but outside regions with strong emission sources. Figure 9 presents seasonally averaged profiles of the CO PVCDs derived from SCIAMACHY observations and the MATCH and EMAC models. Note that in addition to the average model profiles (using the SCIAMACHY cloud selection criterion, see Sect. 2) also average EMAC CO profiles based on all model profiles without cloud slicing are shown (dark green). From the comparison of the model profiles with and without cloud slicing, the influence of the clear part of the satellite ground pixels to the retrieved CO PVCDs becomes obvious. Especially for polluted regions over the continents, the CO PVCDs using cloud slicing are systematically larger than without cloud slicing. This indicates that in such cases the high total CO VCD observed in the clear part of the satellite pixel contributes significantly to the average CO PVCD of the complete satellite pixel. Nevertheless, over oceans model results with and without cloud slicing are very similar, because the surface albedo over the ocean is much smaller than over the continents.
In the following we compare the SCIAMACHY CO profiles with the coincident model results sampled according to the effective cloud height and the CRF as described above. The columns in Fig. 9 show data for January-March, AprilJune, July-September, and October-December as well as annual mean values. In Fig. 10 , the respective relative differences are presented. In general, the SCIAMACHY derived PVCDs are higher, particularly in the Northern Hemisphere. The reason for these differences is not completely clear, but similar latitudinally dependent differences between satellite observations (SCIAMACHY and MOPITT, AIRS, TES, IASI) and model results were also reported in other studies (e.g. Shindell et al., 2006; Gloudemans et al., 2009 , De Laat et al., 2010 Kopacz et al., 2010; Liu et al., 2010; Klonecki et al., 2012; Pechony et al., 2013; Worden et al., 2013b) . Note that the GFEDv2 emissions used in both the EMAC and MATCH-MPIC model are in the lower range of the lit- erature (see e.g. Pozzer et al., 2007) . Also Liu et al. (2011) found larger differences between SCIAMACHY and models in the Northern Hemisphere (for mainly cloud-free observations over land surfaces). Here it is interesting to note that also the comparison of the model data to ground-based FTIR stations (see Sect. 2.2) indicates that the underestimation of the model simulations is smaller in the Southern Hemisphere. Interestingly, the differences between the SCIAMACHY profiles and those from MATCH-MPIC and EMAC stay rather constant between 0.5 km and 8.5 km for most regions. Over the Southern Ocean, however, the differences increase systematically with altitude. In general, the differences between MATCH-MPIC and SCIAMACHY are smaller than those between EMAC and SCIAMACHY, and the differences between EMAC and SCIAMACHY usually increase more strongly with altitude. These findings probably indicate differences of the convection schemes and wind fields used in both models (see Sects. 3.1 and 3.2).
The first four rows in Fig. 9 present profile comparisons over polluted continental regions. Over China (region 8 in Fig. 8 ), the satellite profiles show systematically larger values than the models, in agreement with other studies (e.g. Liu et al., 2011 , and references therein). These differences are almost constant with altitude and largest for winter and spring.
In other regions, which are seasonally polluted by biomass burning (regions 1, 3, 4, three upper rows in Fig. 9 ), the SCIAMACHY PVCDs are also systematically larger than the model profiles during the biomass burning seasons, but compared to China, the differences are usually smaller. Over biomass burning regions, EMAC simulations usually show larger differences to SCIAMACHY than MATCH-MPIC.
Interestingly, for the seasons without biomass burning, the differences between SCIAMACHY observations and the models are often smaller than over the remote ocean. Fig. 8 ). In addition to results for the selected regions, also average results for biomass burning regions (second row from bottom) and for observations over continents far away from strong emission sources (total CO VCD < 2.8 · 10 18 molec cm −2 ) (bottom row) are shown. The dark green lines indicate EMAC results without cloud slicing (see text).
Additional comparisons of CO profiles from SCIA-MACHY observations and model simulations (for regions 2, 5, 6, and 7) are presented in the Supplement.
Comparison of latitude/longitude-height cross sections
In this section we compare latitudinal-height and longitudinal-height cross sections of CO PVCDs derived from SCIAMACHY observations and models. Such comparisons allow the study of the horizontal variation of the CO profiles and can thus yield information about potential processes causing differences between measured and simulated CO profiles. In the following, we show seven selected cross sections representing cases with strong pollution caused by anthropogenic activities or biomass burning.
It should be noted that the colour scales are different for SCIAMACHY observations and models to account for the systematic differences of both data sets (shifted by 5 · 10 17 molec cm −2 ).
The first example (Fig. 11) shows meridional and zonal cross sections for January to March over China. Also presented in Fig. 11 is the global map of the total (cloud free) CO VCD for the same season (from Liu et al., 2011) . A strong increase of the CO columns is found over China, both in the SCIAMACHY observations and model results. The spatial patterns in both cross sections are very similar for the SCIAMACHY observations and the model simulations, but the absolute values differ largely throughout the troposphere (see also Fig. 9 ), indicating that the source strengths in the emission inventories are probably underestimated. Figure 12 shows cross sections for January to March over biomass burning regions in Africa. As for the cross sections above China, similar spatial patterns are found in the SCIA-MACHY and model data. SCIAMACHY and model data not only indicate effective upward transport, but also a tilt of the biomass burning "plume" in the meridional cross section. In (northern) winter the plume is inclined towards the north, because the inner tropical convergence zone (ITCZ) is located south of the biomass burning region.
Good agreement of the spatial patterns is also found in cross sections for July to September in biomass burning regions in Africa and South America (Fig. 13) . A slight tilt towards the south occurs in the biomass burning plumes over both regions, which corresponds to a northerly location of the ITCZ in this season. Interestingly a tilt is also found in the zonal cross section.
Like for China, systematic differences between SCIA-MACHY and the model results are found throughout the troposphere (see also Fig. 9 ) indicating that the source strengths in the biomass burning emissions are probably underestimated. But in contrast to China, the differences between EMAC and SCIAMACHY over biomass burning regions are in general larger than those between MATCH-MPIC and SCIAMACHY, and these differences increase with altitude. Both findings probably indicate the effects of the different convection schemes used in both models.
Summary and conclusions
We apply the cloud slicing technique (CST) to CO vertical column densities retrieved from the Scanning Imaging Absorption spectrometer for Atmospheric CHartographY (SCIAMACHY) for [2003] [2004] [2005] . Our CO profiles range from 0.5 km to 9.5 km and have a vertical resolution of 1 km, which is much higher compared to other satellite CO data sets (e.g. retrieved in the thermal IR). However, with the CST it is not possible to retrieve CO profiles for individual observations, but instead large data sets have to be averaged (here we use seasonal averages for the years [2003] [2004] [2005] . It should also be noted that especially over land where the surface albedo can reach rather high values (see Sect. 2), a substantial fraction of the measured CO absorption can originate from the clear part of the ground pixel. In such cases, the vertical resolution of the retrieved profiles is systematically degraded. Furthermore, since both the atmospheric CO profiles and the effective cloud heights depend systematically on meteorology, the retrieved average CO profiles do not represent exact profiles and have to be interpreted with care. For the same reason, we determine profiles of the partial CO column densities instead of the CO concentrations: in some cases the partial CO column densities for higher cloud altitudes are larger than for lower cloud altitudes which would cause negative CO concentrations if simple differences are formed. It should also be noted that the height of the retrieved CO profiles does not exactly match the actual geometric height, because a substantial fraction of the retrieved CO PVCD originates from the clear part of the satellite pixel. But this effect does not influence the comparison with the model results, because the model data are sampled taking the contribution from the clear part into account. We compare the SCIAMACHY CO profiles with two atmospheric models (MATCH-MPIC and EMAC). In general we find good agreement of the spatial patterns between measurements and model results. Systematic differences are found for the absolute values, especially in the Northern Hemisphere, for which we have no clear explanation. Such differences were, however, also found in other studies (e.g. Shindell et al., 2006; Gloudemans et al., 2006 Gloudemans et al., , 2009 De Laat et al., 2006 Kopacz et al., 2010; Liu et al., 2010 Liu et al., , 2011 Klonecki et al., 2012; Pechony et al., 2013; Worden et al., 2013b) , and are probably related to uncertainties of the used emission inventories in addition to uncertainties of the CO measurements. Here it is interesting to note that also the comparison of the model data to ground-based FTIR stations indicates a smaller underestimation of the model results in the Southern Hemisphere. The observed differences stay rather constant throughout the troposphere for most regions. One exception, however, is the Southern Ocean, where the differences increase systematically with altitude.
We investigated the spatial patterns in more detail for selected regions with strong air pollution: over China and over biomass burning regions in Africa and South America, similar spatial patterns are found in SCIAMACHY and model data indicating that overall the used convection schemes are well suited to describe the uplift of air masses with enhanced CO concentrations. With respect to the absolute values, our finding is like for the general regions, namely that the modeled concentrations are systematically smaller than the SCIAMACHY observations indicating an underestimation of the CO source strengths in the emission inventories. However, while over China both models show very similar results, the differences between EMAC and SCIAMACHY over biomass burning regions are in general larger than those between MATCH-MPIC and SCIAMACHY and also increase with altitude. These findings point to the significance of differences in the vertical resolution and the way transport is treated in the models (see Sects. 3.1 and 3.2). Similar studies using the CST for satellite observations of CO might also be performed for other sensors, for example, for the near-IR and thermal IR channels from MOPITT, or other nadir-looking IR instruments such as TES or IASI. The CO CST will particularly be interesting for the upcoming SENTINEL missions. The SCIAMACHY CO profiles can be made available on request.
Supplementary material related to this article is available online at http://www.atmos-chem-phys.net/14/ 1717/2014/acp-14-1717-2014-supplement.pdf.
